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INTRODUCTION

Duringthepast severalyearsamountsof amnoniumnitrate(AN)ranging
up to severalthousandkilograms(usuallyin solution)havebeen foundin the
vesselvent filtersof both canyonbuildings. Recently,difficultieswere
encounteredwith the developmentof highpressuredropsacrossthe filterin
theH-Areahot canyonthat led to the discoveryof 600 kg of dry AN. Problems
with increasedpressuredropssubsequentto the replacementof thisfilterled
to the conclusionthatAN was againaccumulatingin the filter. SRL was asked
to evaluatethe Hp?ardof theseAN accumulations,help determinethe source
of ammoniumion thatproducedthem,and to suggestmethodsfor preventingthem.
Thisreportsummarizesthe SRL studiesin responseto thisrequest,and also
containsbackgroundinformationon the ventilationsystemservingthevessel
vent filters,the filtersthemselves,and thehistoryof ammoniumnitrate
accumulations.

Littleinformationis availableon thebehaviorof amonia in canyon
processing.The hazardsof ammoniumnitratein the separationsprocesswere
firstinvestigatedby Mobleylwho examinedthe fateof small~.50kg)amounts
of AN in wasteevaporation.In conjunctionwith the currentstudiesanalysis
was made of the structuraldamageanticipatedfromthehypothesizeddetonation
of 600kgof ammoniumnitratein a canyon.z Otherrecentstudiesand observa-
tionsrelatingto accumulationof ammoniumnitrateare citedelsewherein this
paper.

SWYAND CXINCLUSIONS

The quantitiesof amonium nitratethathaveaccumulatedperiodically
in the F andH canyonprocessvesselvent filtersare largeenoughto produce
pressurizationand seriousdamageto the canyonif theywere to explode.
However,onlyone crediblemechanismfor initiatingan explosionhas been
identified:a largecanyonfire thatwould feedhot air fromseveralsections
of the canyonintothe processvesselvent system. In thiscase it is not
certainthatan explosionwouldoccur,but a hazardof suchexplosionwould
exist.

Accumulationof amnoniumnitratein the filterscanbe reducedby flushing
the filtersor by eliminatinganunonia-producingreactions.Accumulationof
ammoniumnitratecouldbe eliminatedby destroyingammoniumionpriorto
neutralization,by reactingammoniumion to preventitsvolatilization,or by
destroyinganunoniain the gas phase. The twomeasuresfor reducingaccumula-
tionshavebeen implementedin the Plant. Of themethodsfor eliminating
anunoniaaltogether,reactionwith nitrousacid in solutionsduringor after’
wasteevaporationand priorto neutralizationappearsmost practicaland
easiestto hplement.
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DESCRIPTIONOF VESSELVENTSYSTEM

Process VesselVent System3,4,5

All canyonvesselsexceptthe section6H dissolversand theirassociated
off-gasreactorsand filtersare connectedto theprocessvesselvent system.

The vesselsare maintainedat a slightvacuumwith respectto the canyons
by two exhausterslocatedin eachof the 292-1buildings. These50 HPunits
are ratedat 5830cfm in H-Areaand 4800cfm in F-Area. Canyonair flows
intothevesselsthroughtheiroverflowlinesand exitsintothevesselvent
header,

The canyonvesselsconnectto 18-inchvent headers(vesselvent headers)
encasedin concretelocatedalongthe outsidewallsof the respectiveair
exhausttunnels. The canyonwasteheadersand the gravitydrainheadersare
alsoventilatedby t@esevent headers. At section5 of thewarm canyonsand
section7 of thehot canyons,the ventheadersenterthe canyons: where the
air passesthroughdehumidifiers5.6Hor 7.3Hand filters5.7For 7.2Fto
removeradioactiveparticulatematter. In H-Areaa scrubberhas been sub-
stitutedfor the dehwidifierat 7.3H (hotcanyon). Afterthe air is filtered,
it returnsto thevent headerslocatedin the canyonair exhausttunnels.
The ventheadersfromthe hot and warm canyonsforma commonheaderin the
canyonair exhausttunnel.

The commonventheaderleadsto the exhaustersat the 292-1buildings.
Air fromthe fans is exhaustedto the canyonair exhausttunnelaheadof the
sandfilters. Both exhaustersare on thebuilding292 emergencypowersystem.
Normallyonlyone exhausteris in operation;the secondis held in standby.
The normalflowthrougheachbranchof the system(hotcanyonand warm canyon
branch)will be no greaterthanhalf the ratedcapacityof one of the fansor
2915cfm in H-Areaand 2400cfm in F-Area. It has been estimatedthatthe
averageflowthrougha singletank intothevesselventheaderis about60 cfm.

The processvesselvent exhaustersnormallymaintaina vacuumat the fan
of 21 inchesof water in H-Areaand 25 inchesof water in F-Area. If the
vacuumdropsto lessthan 18 inchesof water in H-Areaor 16 inchesof water
in F-Areathe standbyexhausterstartsand an alarmsounds.

In theBuilding221 gangvalvecorridors,pressuretapsextendthrough
the floorand connectto thevent headerat Section5 (warmcanyon)and
Section7 (hotcanyon). Theyare used for samplingandmeasuringthevacuum
in thevesselventheader.

Ehumidifiers

A dehumidifieris locatednear the southend of eachcanyon,and is
installedin serieswith the processventheader. Instheoriginalinstallation,
excessmoisturewas condensedfromprocessgasesby coolingand the chilled
gaseswere reheatedbeforeleavingthe dehumidifierto avoidwettingthe
“Fiberglas”filter. The dehumidifiersare no longeroperatedbecauseof leaks
in heatingand coolingcoils,and htmidair enterstheprocessvesselvent
filters. The exceptionis H-Areahot canyonwherea scrubberhas replaced
the dehumidifiers.
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The constructionof the dehumidifiersis as follows. A 12-inchdiameter
inletat the bottomof eachdehumidifierconnectswith theprocessvesselvent
headerat thepointwhere it comesthroughthe Canyonwall intothe canyon
fromthe exhaustair tunnel. The coolingsectionof the dehumidifiertakes
up approximatelythe lowertwo-thirdsof eachunitand is filledwith coilsof
3/4-inchOD, 16-Qaugestainlesssteeltubestotalling540 squarefeetof
coolingsurface. Abovethe coolingcoilsare twohorizontalperforated
plates,1 inchapart,throughwhichcooledgasespass intotheheatingsection.
The platesfunctionas a thermalbarrierbetweenthe coolingandheating
sections.The heatingsections,made of 3/4 inchOD, 16 gaugestainlesssteel
are locatedin the top thirdof eachdehumidifierand have a totalof 51
squarefeetof coil surface. A 12-inchdiameteroutletis locatedat the top
of the dehumidifierscarriesthe gasesto the vesselvent filter. A drain
outletat the bottomdrawsoff condensateby gravityto a condensatetank.

In t~e H-Areahot canyonthe dehumidifieris replacedby a scrubberin
whichthe gasespass througha packedtowerwheretheycan be washedwith
caustic,water,or othersolutions.This scrubberwas once throughtto be
usefulfor removingiodinefrcm the gaseswhen short-cooledmaterialswere
beingprocessed,but it is not used for thatfunctionany longer.

VesselVent Filter

The vesselvent gas filter(Figure1) is containedina canyonvessel
thatis 8 feet in diameterand 15 feet7 incheshigh. The insideof the
vesselis dividedand sealedintotwo separatesections,upperand lower,
eachapproximately7 feet9 incheshigh. The packingdepthof the filter
materialin eachSectionis 4 feet 7 inches;thepackingis locatedabout
equallydistantfrom the top and bottomof a section. Each filteris packed
with layersof “Fiberglas”of varyingdensitiesand each layeris supported
on framesof 4-meshstainlesssteelscreen. The inletsideof eachfilter
is at thebottom. Beginningwith thebottomlayerthe followinglistdescribes
the sequence,densityand depthof the “Fiberglas”layers.

Vent Gas FilterPacking

e Density, lb/ft3 Depth,inch

1 0.75 12
2 1.5 18

3.0 12
: 3.0 11-3/4
5 1*2 1-1/4

The 12-inchinletand outletnozzlesare locatedon the top of thevessel.
The 12-inchinletpipe is openat the lowerend and extendsdown the centerof
thevesselto a pointbelowthe firstfilterlayerin the lowersection. Four
equallyspaced8-inchholesare cut in the inletpipe at the levelof the inlet
spacebeneaththe firstlayerof the upperfilterand abovethe dividerplate
thatsealsthe two sectionsfromeachother. The 12-inchoutletpipe is open
at the lowerend and extendsthroughthe upperfiltersectionto a pointjust
belowthe dividerplate. Fourequallyspaced8-inchholesin thepipe exhaust
theair abovethe top layerof the upperfilter. Thisanangementpm.ntits
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. equalflowof gas throughboth filtersections. The exitstreamsare com-
binedbeforetheyenterthe outletheader,which connectswith theprocess
ventheaderat a pointwhereit goesback throughthe canyonwall between
thecanyonand the exhaustair tunnel.

In Aprilof 1974 the filterin theH-Areahot canyonwas replacedby
a new high efficiencyfilterbecauseof releasesof alpha-emittingradionuclides
to the stack. This filteris similarto the olderversionbut has bafflesto
preventthe gas franbypassingthe filteranda tap in thebottomto permit
detectionand drainingof liquidthatmightaccumulatethere.

HISITRYOFAl@lONIUMNITRATEAC(31KJLATIONS6

H-AreaHot Canyon

In Marchof 1974H-Areaexperiencedreleasesof alphaemittingnuclides
to the stack. Consequently,in April thevesselvent filterwas replaced
with the new high efficiencyfilter. Whileremovingthe old filter,3.5 ft
of liquidwas foundin itsbottomsection. The liquidwas shownto contain
amonia but no quantitativeanalysiswas made.

Duringthe three-monthperiodprecedingJuly 25, 1975,thepressure
dropacrossthe new filterincreasedmarkedlyand on thatdate it plugged
completely.The canyonbuildingwas shutdownon July 28 for a 12-dayperiod
whilethe filterwas flushedwithwaterand replaced. No liquidwas foundin
thebottomof the filterbut the flushescontained600 kg of anmoniumnitrate.
About117@ofammonim nitratewas also foundin thevesselvent scrubberat
thistime.

The vessel vent systemwas placedback in serviceon August9, 1975
and initiallyoperatedwell. In September,however,pressuredrop (AP)
increaseswere againobserved;by OctoberAP had increasedto 8.9”of water
(startupAP was about6.0“ of water). The increaseswere foundby Works
Technicalto occurprimarilyduringneutralizationof concentratedframe
wasteraffinate. Sixty kg of additionalanmoniumnitratewas foundin
thevesselvent scrubberduringSeptember.

The amnoniumnitratein theH-Areahot canyonfilterwas solid;thatin
theothercanyonfilters(describedbelow)was in solution. This is because
only the air enteringtheH-Areahot canyonfilterwas heatedto about800c
by steamcoilsin’thevesselvent scrubber. (Thistemperatureis now res-
trictedtb SOOC.)’~onium nitrateis veryhydroscopicandtwillgo into
solutionany time,.thepartialpressureof water in air risesabovethevapor
pressureof its saturatedsolution. (Approximately60% relativehumidity
at 30~C.)

H-AreaWarm Canyon

In January1973largepressuredropswere observedacrossthe vessel
vent filterso thatthe canyonhad to be shutdown. ‘Ikenty-ninethousand
poundsof liquid,composedof 6.7M-7.8Mammoniumnitrate,was removed.
The filterwas estimatedto have contained5800kgof ammoniumnitrate.
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. In August1975thewarm canyonvesselvent filterwas inspectedwhile
the canyonwas shutdownto replacethehot canyonfilter. Six to sevenfeet
of liquidwas foundthatsealedoff the lowerhalf of the filter. Ammonium
nitrate(4380kgwas estimatedto be in thisliquid.)An additional5W@of
AN was foundassociatedwith the dehumidifiercondensate.The filterwas
returnedto service~t~utflushing,

F-AreaHot Canyon

In April 1974the canyonwas shutdownafterthe inletpressure
vesselvent filterdecreasedfran 5-8 inchesof water to 1 inchover

to the
a,period

of months. The filterwas foundto contain12900litersof liquidcontaining
ammoniwnnitrateat a NH3 concentrationas 3.8 grams/liters.fie filterwas-
estimatedfromanalysesof the liquidand flushesto contain250kganmonium
nitrate.

F-AreaWarm Canyon

The warm canyonvesselvent filterwas
thehot canyonwas shutdown to insmectits
9,900liter:of liquidcontaining1-.9grams
and flushesshowedthe filterhad contained

examinedin Aprilof 1974when
filter. The filtercontained
NH3/literoAnalysesof the liquid
about100 kg ammonim nitrate.

HAZARDEVALUATION

Reactions of AmmoniumNitrate

Anunoniumnitrate (AN) has been used for over fiftyyears in explosives
and as an agriculturalfertilizerand in generalhas been consideredrelatively
safe. However,a numberof very seriousfiresand explosionshave givenrise
to investigationsof the hazardsof ammoniumnitrate.7-11

The hazardof AN arisesfrom its exothermicdecompositionto produce
gaseousproducts,leadingundercertaincircumstancesto an explosion.This
reactionof AN is influencedby the acidity.thePresenceof catalystssuch
as bichromateor chloride,and-the
or paper.

ChemicallypureAN decomposes

‘4N03 ‘N20 + 2H20

Otherreactionsproduceother
compositionreactionproducingthe

NH4N03+N2 + 1/2 02 + 2

presencb”oforganicmaterialsu~has wax

abovethemeltingpoint (1690C)as follows:

AH250C= -8.8KCal/mole

oxidesof nitrogen,N07 and NO. The de-
greatestvolume-of-gas-

H20 ~250c = -27.7

If organicmatteris present,considerablymore energyis

per mole of AN is:

KCal/mole

evolved:

NH4N03+ 1/3 ~z + N2 + 1/3 COz + 7/3 H20 ‘H250C = -77.3 KCal/mole

Here ~2 representsa hydrocarbonwith an atom ratioof2hydrogensto one
carbon. The exactamountof heat releasedwill of coursedependon the exact
natureof theorganicmaterialinvolvedand the productsformed.



. Kinetics

bst of the earlywork on the rateof thermaldecompositionof AN has
been swmnarizedin references9 and 10. A diagram(extractedfromreference9)
showingthe ratesof decompositionas a functionof temperaturefor~ con-
tainingcatalystsand otheradditivesis givenin Figure2. The reactionis
generallyfirstorderbut an inductionperiodfrequentlypreceedsthemore
rapiddecomposition.The reactionrate is slowestfor chemicallypureAN
(@AN), more rapidfor fertilizergradeammoniumnitrate(WAN), which is
coatedwithwax; and stillmore rapidif the FGAN is mixedwith paper. The
decompositionofCPAN is catalyzedbychlorideion,nitricacid,or heavymetal
salts,particularlychromatesor dichromates.The catalystsare effectiveat
lowertemperatures;aboveabout3000Cthe ratesare aboutthe sameas with
CP~, althoughthe decompositionproductsmay be different.

Mme recentkineticstudies12-17havebeen aimedat establishingthe
mechanismof the reactions=Someof thesestudieshave also shownthe impor-
tanceof the compositionof the vaporphaseon the reactionrate;bothwater
and amonia in thevaporretardthe reaction,whilenitricacidaccelerates
it. This explainsmany of the erraticresultsobtainedpreviously.

In subsequentsafetyanalyses
describethe decompositionrateof

K(sec-l)s 4.4 x 10”ge-

the followingequationwillbe assumedto
AN in the vesselvent system.

15000
T (1)

or lnK = 1500022.200--

WhereK is the specificrate constantin sec-1 and T is the temperaturein ‘K,
Thisequationcorrespondsroughlyto a linedrawnthroughthepointsfor bi-
chromatecatalyzedAN and for FGAN+ paperin Figure2. Theseare the largest
rateconstantsfoundexceptfor thosedue to chloridecatalysis,which are
not applicableto the chloride-freeSRP system.

The decompositionofCPANas shownin Figure2 canbe expressedby:

K= 8,8x 1019 e-W
, or

lnK= 45.924-?

(2)

Theseequationsare also applicableto the decomposition
samplesaboveabout3000C.

MODESOF THERMALDECOMPOSITION

Fume-Off

of all AN

If ammoniumnitrateis heatedto about250°C,where its decomposition
proceedsat an appreciablerate,and is then insulatedits temperaturewill
continueto rise at an increasingrate;theheat generatedby the reactionwill
increasethe temperaturewhichin turnwill increasetherateof reactionand
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henceheat generation.Ifno otherprocessintervened,an explosionwodd
inevitablyresult. In practice,however,the temperaturein such a systa
risesto about2!3C)OCat abnosphericpressureand remainsconstantuntilall

. armnoniunnitrateis consumed.

The explanation of the thistemperature-limitingprocesswas foundby
Feickand Hairier.18 TWo processesare involved,the irreversibledecomposition

IW4N03(1)+N20(g)+ 2 H20(g)

and the reversibledissociation

IW4N03(1)+ NH3(g)+ HN03(g)

The firstreactionis exothennicbut the secondis endothermic.As the
temperatureincreasesthe”reversibledissociationpressureincreaseswith
temperaturesaccordingto the equation:

10gloP (m c)~fHg)= -4109/T+ 8.502 (3)

The gasesgeneratedbythe firstreactionbecomeincreasinglysaturated
withNH4 and HNO as the temperaturerisesand therefore,removea larger
amountof heat,1?ecausetheycarryaway largeranmuntsof dissociationproducts.
When theheat generatedbythe exothermicdecompositionis justequalto that
absorbedby the reversibledissociation,the temperatureremainsconstant.
Fume-offreactionsgeneratecopiousquantitiesof smokecausedby the con-
densationofNH3 andHN03 intoNH4N03when the gas COoh.

FeickandHairierderiveda relationbetweenthe equilibriumpressurep
of the dissociationprocessand the totalappliedpressureP

P=
[

AHvl+; (Q4Hr 1—) p (4)

WhereAHV is the enthalpychangeof the reversibledissociationreaction,
AHr is the enthalpychangeof the irreversibledecomposition,and Q is heat
addedto the systemfor externalsource(Q is O froman adiabaticprocess).

It is apparentfrom thisequationthat if the appliedpressureP is
increased,the vaporpressure,p, will increaseand the temperatureof the
ammoniumnitratemust increaseas well becausep is a monotonicallyincreas-
ing functionof temperature.AN will, therefore,oftenexplodeif heatedin
a confinedspace. The pressurebuildupdue to escapinggas will causethe
temperatureto riseand ultimatelyleadto a run-awayreaction. Studiesby
J. J. Burns (Ref.8, page 16) shownthatFGAN containing1.5%paperwill
explodeif the pressureexceeds250psi whilepressuresin excessof 2000
psi are necessaryfor CPAN to explode. The differenceis probablycaused
by the largerheat of reactionof the FGAN.

PropellantBurning

If the surfaceof solidAN is heatedintensely,a thin layermay melt
andbegfidecomposing.Someof the gasesevolved,N20,NH3 and HN03,may

P
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thenundergofurtherreactionin thevaporphaseto producea flame. Some
of theheat generatedin the gas phasemay heat the solidcausingfurther
meltingand decompositionthus leadingtoa selfsustainedsurfacefire.’ calledpropellant-we burning. This typeof burningis not thoughtto be
likelyto acceleraterapidlyeven if improperlyventedbecauseonly a small
amountof AN is involvedat a time (reference9, Page II-47).

Fume-OffBurning

If liquidannnoniumnitrate
theproductgases,N20,NH3 and
principaleffectis to increase
a simplefume-offreaction,and
if ventingis inadequate.

Emlosions

is alreadyundergoinga fume-offreaction
HN03 can reactin thegas phase. The
the heat generatedoverthatobtainedfrcnn
thus to increasethe danger of an explosion

The term explosionis generallyappliedto any
reactionthatgenerategaseousproducts. Twotypes
cognizedin the explosivetrade: deflagrationsand

Deflagrationdescribesa rapidburnirwprocess

veryrapidchemical
of explosionsare re-
detonations.

whichsmeads throuh-
out a mate~ialby mass flowand heat flow.- Yhe processis ;elativelys!iow
withburningratesof the orderof centimetersper secondfor propellants.
For gunpowder “(whereimpulseis desiredratherthanshock)theburningrate
is about500cm see-lin air at atmosphericpressure.A thermalexplosion
of a moderateamountof amnoniumnitratein a confinedspacewotidprobably
be classifiedas a deflagration.HeatingAN to 4000Cand 4600Cwould lead
to nearlycompletef~e-off in 3 and 0.03secondsrespectively;theserates
are fairlyslowas wcplosionsgo.

Detonationdescribesthe rapidburningprocessinitiatedby a shockwave
travelingat greaterthan thevelocityof sound. AN has an idealdetonation
velocityof 300,000cm see-lbut measurementson practical size charges
rangefrom150,000to 250,000cm see-l. Detonationsin AN nitratecan be
initiatedby anotherexplosivesuchas dynamite. Frequentlyin largeamounts
of ammoniumnitratea deflagrationcan generagea detonation;the conditions
requiredfor thisto happenare not well understood.

F. A. Loving,has studiedthe sensitivityofAN1g and determinedthat
althoughtherehavebeen a number’of bad explosionsand fireswith pureAN,
sucheventsare muchmore likelyto occurwith impurematerial, Organic
matterno: only sensitizesthe decompositionbut alsoreactswith oxygen
producedIn the decompositionto increasethe energyreleased. Cellulosic
materialsand dustare particularlybad. Fireshave occurredwhen AN and
dusthave accumulatedon steampipes. OthermaterialsthatsensitizeAN
includesulfur,sulfides,chloride,and Zn and Mg dust. Hydrazineand
hydroxylaminenitratesmay sensitizeAN sincetheyare similarin composition
to methylammoniumnitrate,a sensitizer.

AN thatcontainsimpuritiesis not stableat 225°F(107°C)or higherfor
prolongedperiods(e.g.48 hours). It will eventuallyundergorapiddecom-
position. Materialin our vesselvent filteris probablysafebecauseit does
not exceed50°C, The heatingof our filterby firesor self-heatingduring
a prolongedshutdownis consideredlaterin thisreport.



Mechanismsfor ExplodingAN in theVesselVent System
*

Explosionsare usuallygeneratedeitherby impactor
exothermicreactions.

Ammoniumnitrateis not very sensitiveto impact. A
‘ kilobarsis reouiredto initiatea detonation.and thusa

to causean-explosion.It is therefore,unlikelythat
in the canyonbuilding(suchas droppi~ a cellcover,

I ANto explode,

Firesor ExothermicReactions

by firesor other

shockwave of 30
riflebulletfired
dynamiteis requiredintoa charge~ill not set it off,19 Booster& ofANby

any impactoccurring
etc.)couldevercause

A fireor fume-offreactionin ammoniumnitratecan turn intoan
explosion.Thereis no way of predictingexactlyunderwhat circumstances
sucheventswill occur. Certaincrudegeneralizations,however,can be made:
(1)explosionsare“rnor&:likelyto resultwith largeamountof ammoniumnitrate
thanwith smallamounts,and (2) theyare more likelyto occurin confined
placesthanin unconfinedone. F. A. Loving19gave the followingsubjective

-,, viewof themagnitudeof thehazardas follows: He said thathe wouldnot
hesitateto fighta fire involving100poundsof AN; he wouldbe concerned
aboutfightingone involving1000pounds,he wouldneverfighta fire in-
volvinga boxcarloadof AN, but would evacuatethe area.

In view of thehigh sensitivityof AN containingimpuritiesand the fact
thatimpuritiesare probablypresentin the vesselvent filterit seemslikely
thata fireinvolving1000poundsor more of AN mightturnintoan explosion.
The factthatthematerialin the filter.is confinedwouldalso increasethis
probability.In the followingdiscussionsit willbe assumedthatany fire
or fume-offwill leadto an explosionand thehazardis relatedto theprobability
of theseevents. The only causeof fireor fume-offthathavebeen identified
are eitheran externalfire in the canyonbuildings,or self-heatingof theAN.
The followingdiscussionson firesand self-heatingwi.11applyto dry AN as
in theH-Areahot canyonfilter. The otherfilters,in whichAN is in solution,
willbe somewhatsaferbecausethewatermustbe evaporatedbeforeit can heat
to a dangeroustemperature.

‘ Self-Heating

The decompositionof AN proceedsat a finiterateevenat room temperature.
If no heat is removed,the temperaturewill increaseat an ever-increasingrate
untila dangerousreactionensues. Conditionsnecessaryfor suchself-heating
to occw in tievesselvent filterare calculatedin thissectionfor normal
operatingconditionsand for the casewhereventilationis shutoff and heat
mustbe transferredby conductionaloneto thewallsof the filter. The rate
at whichthe filterwouldheatup if the systemwas completelyinsulatedis
alsocalculated.
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NormalOperatingConditions

Undernormaloperatingconditionsair passesthroughthe filterat
t, about2900cfm. AS it traversesthe filterit picksup heat from the de-

composingAN and removesit from the filter. The questionwewish to answer
is: underwhat conditionsof initialtemperatureand flowwill all of the
heatgeneratedbyAN decompositionberemovedby the air.

In the followingdiscussiontheAN willbe assumedto be uniformly
distributedthroughoutthe filterand at thermalequilibriumwith air. The
heat transferfromtheAN to the air shouldbe rapidbecauseof its small
particlesize.

Consideran elementof lengthdxofthe filtercontainingdnmoles of
AN’,throughwhich air is flowingin a positivedirectionwith amass flowof

-- W gramsper second. Heatbalanceaboutthe incrementallengthgivesat
steadystate

Qg ~=W dT (5)

.,

WhereQ
peratur1!

The
-f

is theheat generatedper unit timewithindx and dT is the tem-
changeacrossit, ~ is theheat capacityof air at constantpressure.

heat generatedwithinthe incrementis givenby

Qg = dn (-AH) A e-B’T (6)

Where (-AH)is the negative enthalpyof the decompositionreaction,A andB
are parametersof theArrheniusequation,and T is the temperaturein ‘K.

However,sincetheAN is uniformlydistributed

~=;~ (7)

wheren is the totalnumberof molesof AN in the filterand L is its length.

n canbe writtenin termsof the totalnumberof kilogramsM of
ammoniumnitratewithinthe filter

(8)

(80is the formulaweightof AN)

Combining

%=

The above
not convenient

~+,
B
T=

‘*

the aboveequations

1000 (-AH)AMe
-B/T

equationcanbe integratedbut the formof the solutionis
to use. The followingapproximationis thereforemade.
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whereTi is the initialair temperature,if we define

+. ~= B(f-Ji)
(11)

i

The differentialeq~tion becomes

I 10000(-AH)MaAB e-B/Ti ~
$=80 e (12)

Pi
I

Integratingacrossthe entirefilterand rememberi~thate =
OwhenT= T.and & dx = !?the followingis obtained 1

l-e -e% = 1000 (-AH)MAE e-B/Ti
80 W

(13)

Cp ‘i
L

where eg is f3evaluatedatL, the exitendof the filter. It is clearthat
sincee-ekapproahes O as (3L(andthe temperature)approachesinfinityno
steadystatesolutionsare possiblein whichthe quantity.on the rightis
greaterthanone. It followsthat the largestvaluesof Ti forwhitia
solutionexistsmust satisfythe followingequation

T2e B/Ti . 1000 (-AH)M A B
i (14)

P

The valuesof Ti obtainedfromthisequationcan be consideredas the maxim
inletair temperatureat whichthe heat generatedby AN decompositionin the
filtercanbe removedby the air.

Highertemperatureswill leadto thermal
extrusions(uncontrolledtemperatureincreases).

Valuesof Ti as a functionof differentassumedamountsof AN in the
filterare shownin TableI. The followingvalueswere takenfor thepara-
metersin the equation.

,&

.

(-AAH) =
=

B=
w=
c=
P

60,000 cal/mole
4.4X1O 9 see-l
15000OK-1
1630g/see (2900
0.24cal/goC

Cfm)

TABLEI

Maximum&r InletTemperaturefor
fromVesselVent Filterby ForcedConvection

ControlledRemovalof Heat

M in Filter InletAir Temperature,Ti
-3 OK UC

100
250
500
750

1000
2500

474
460
450
444
439
428

201
187
177
171
169
155



.
TABLE I CC)NT~D

M in Filter InletAir Temperature,Ti

-3
o~

5000 419 146
7500 414 141
10000 410 137
20000 402 129
30000 398 125

Undernormaloperatingconditionsthe temperatureof the air to the
vesselvent filteris only 500Cand themaximumvaluethathas been used in
thepast is 80 - 850C. Thesetemperaturesare considerablylowerthanthose
thatwould leadto thermalexcursionsevenwith the largequantitiesof AN

‘- present. Thirtythousand‘-kg of-AN wouldbe nearlysufficienttofill the ==
filtertankwith solidmaterial. The systemshouldtherefore,be safeagainst
self-heatingduringnormaloperatingconditions.

Lossof Air Flow

If the air flowto the filterwere shutoff,the onlymechanismfor
heat transferwouldbe by conductionthroughthe filtermaterial(Fiberglas)
to thewallsof the filterand then to the canyonairby freeconvection.In
the followingdiscussionitwill be assumedthatthewallsof the tankare at
the sametemperatureas the canyonair (anassumptionthatwill be justified
later)and that the ammoniumnitrateis uniformlydistributedthroughthe filter.

.

The self-heating
by Rice21,and finally
givenbrieflybelow.

The steadystate
continuouslygenerated

problemwas firstdiscussedbyFrankKamenetsky20,later
more completelyby Chambre’22whosedevelopmentis

problemof heat conductionin a systemwhereheat is
by chemicalreactionis givenby the equation

~172T. -(-AH)W (15)

whereX is the thermalconductivity(-AH)is thenegativeenthalpyof reaction
andW is the reactionvelocity. Combiningthiswith theArrheniusequation
for reactionvelocitiesthe followingis obtained

(-AH)C A -B/T
V2T = - ~- e (16)

WhereC is the concentrationof a reactantandA and B areparameters
in theArrheniusequation.

If it is againassumedthat~ is smallcomparedto one, (thesame
approximatecan be made as the prece~dingsection)and if f3= B

+
(T-TO)

(whereTo is the temperatureat‘thesurface)it followsthat o

V28 = -
[( ~1

-AH)B CAe-B’To eo (17)
A To
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TIN?aboveequationcan be formulatedfor the caseof a sphereor an infinitely
longcylinderas follows

2

%+;% = -dee (18)

WhereZ = X/Y,whereX is the spacecoordinateandy is the significant
geometricdimension(theradiusof thesphereorthe cylinder),K is 1 for
a cylinderand 2 for a sphere,and

‘=* ‘“T”
o

(19)

Whenthe differentialequationswas solvedwith the appropriatebounda~ conditions

(O= Oat Z=land~=OatZ=O)

it was foundthatsolutionsare possibleonly for valuesof ~< 6where &crit
is a constantfor each geometry. Thesevaluestogetherwith the corresponding
maximumvaluesof 0 (ieO .(o))areshownbelowfor the two geometries.

Cylinder

8 crit= 2
e max, crit= !Ln4= 1.39

For valuesof 6 largerthanthesethe
as fastas it is formedand the systemwill

S~here

6 crit= 3.32
0 max, crit= 1.61

heat cannotbe removedby conduction
continueto heat up.

The actualproblemwe wish to solveis for the amountof ammonium
nitratethatcan be placedin a cylinder4 ft in radius.and15 ft 7 incheslong
at variouswall temperatureswithoutexceedinga criticalvaluethatwill cause
it to continueto heatup. The calculationsfor the sphereand the infinite
cylinder,both 4 ft in radius,bracketthisproblem,if the concentrationof
AN in eachof themwere the sameas that in the finitecylinder. Heat’losses
fromthe spherewouldbe higherthanfor the finitecylinder,and will lead
to valuesof the criticalmass that are too largewhileheat lossesfor the
infinitecylinderwill lowerthem for the finitecylinderandwill leadto
criticalmassesthatare too small.

Criticalmassesof ammoniumnitratewere calculatedfor both the sphere
and infinitecylinderfromthe definitionof 6 usingconcentrationscalculated
as follows:

c= Mx 1000
80 V

(20)

WhereM is thenumberof kilogramsof AN andV is the activevolumeof filter.
Valuesof theparametersin the calculationare the following:

(-AH) = 60,000cal/mole
: = 121 cm (4 ftj

= 0.88x 10-4cal/cm.sec.°C(thermalconductivityof glasswool)
A = 4.4 x 109 see-l
B = 15000Oc-1
v = 1.30x 107 cm3
c = 0.96 x 10-6Mmoles/~3
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Substitutingthesevaluesintoequation(19)yields
~6T02~B/To+

M= (21)

0.96 X 10-6 (-AH) yz BA

M= 1.6 x10-21 6 T02 e% (22)
o

The resultsin TableII show that for any temperaturelikelyto occur
in the canyonbuildings(30-40°Cunderordinaryconditions)self-heating
cannotbe a problemwith the amountsof AN thatcan be containedin the filter,
(22,000@is the maximumamountthatcouldbe presentassumingan active
volumeof 1.3 x 107 cm3 and a densityof 1.7 g/cm2).

TABLEII

CriticalMass of AmmoniumNitratein theVessel
Vent FilterforVariousSurfaceTemperatures

SurfaceTemperature
Oc

20

:;

1%
70
80
90
100
110
120
130

CriticalMassM, kg of NH4N03
phere llnder
6 = 3.32 8 = 2.0

7.8 X 106
1.5 x 106
3.3x 105
8.1 X 104
2.1 X104
6100
1900
610
210
79
31
12

4.6 X 106
9.OX 105
2.0x 105
4.9x 104
1.3X 104
3700
1100
370
130
48
19
7

With the amountsof anunoniumnitratethat are likelyto be in the filterin the
dry form (about1000kg) wall temperaturein excessof 800Cwouldbe required
to leadto an excursion.

It was assumedfor thiscalculationthat thewall temperaturewouldbe
aboutthe same as the air temperature.This assumptioncan be justifiedas
follows: The valueof e max, crit = 1.61for a spherecanbe used to cal-
culatethe maximumtemperature(Tmax) in the centerat the criticalmass.

T = To + 1.61Toz
max T

(23)

If itis now assumedthatthe temperatureis uniformthroughoutthe sphere
at Tm and knowingM, the criticalmass,a valuecanbe calculatedfor the
heat generationratethat is higherthanthe truevalue,

~ = (-AH)1000M A &B/Tmax
80 Cal/See

.
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When thiswas donefor To-andM in TableII valuesof Qbetween 5.4 and 11.2
cal/secwere obtained.Heat transfercoefficientsh for freeconvectionin
gasesare generallyin the range

1-4 B~ ft-2hr-10F-1or (1.4x 10-4 - 5 x 10-4cal cm-2sec-10C-1)23.

“h” is relatedto the heat generationrateQ and the surfaceareaSby the
followingequation

Q=h S(To-Tm) (24)

WhereTo - Tm is the differencebetweenthewall temperatureof the vessel
and the air temperatureat lar e distances.

!!
The surfaceareaof the filter

(sidesand top only)is 4 x 10 cm2 440 ft2). If the smallestvaluefor the
iheat transfercoefficient(1.4x 10- ) and the largestvaluefor theheat

generationrate (11.2cal/see)are insertedintothisequation

Therefore,underthe
be a few tenthsof a

Self-HeatingRate

= 11.2
x 10-4X4X105

= 0020C
.

most adverseconditionsthewall temperatureswill only
degreeabovethe ambientair temperature.

Anotherconsiderationin the safetyof the systemis the lengthof time
requiredfor a thermalexcursionto occurif air flm were shutoff or the
systembecameinsulatedin someotherway, and themass of AN exceededthe
criticalmass. In the followingdiscussionit willbe assumedthatthe
systembecomescompletelyadiabaticat a giveninitialtemperatureand that
AN is the onlymaterialthatabsorbsheat. The ratesof temperatureincrease
calculatedwill thereforebe maximumvaluesbecausein a real systemother
materialswill alsoabsorbheat.

Considerationsof heatbalanceleadto the followingequationdes-
cribingthe rateof temperatureincrease.24

$=(-
(25)

WhereT is the temperaturein ‘K t the time in seconds(-AH)the molar
enthalpyof reaction,Cv theheat ~apacityof anunoniumnitrateat constant
volumeand A and B areparametersof theArrheniusequation.

Equation(25)can be solvedbut the formwas not convenientto use.
It was thereforesolvednumericallyand the timenecessaryto go fromthe
initialtemperatureTo to 6000Kwas determined.That finaltemperaturewas
chosenbecauseonlyabout0.25secondsis requiredfor the temperatureto
increasefrom600°Kto 700°Kand the timesget progressivelyshorterthere-
after. The resultsof thesecalculationsare shownin TableIII. The
quantitiesused in thesecalculationswere:
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(-~) = 60,000 cal/mole
Cv = 38.5 cal/oC mole
A = 1.58 x 1013 hours
B = 15000Oc-1

‘1 (4.4x 109 see-l)

TABLEIII

Self-HeatingRateof AmmoniumNitrate

InitialTemperature Timeto Excursion
Oc Hours

20
40
60
80

100
120
140
160
180
200
220

An approximatesolution
approximationdescribed
thenbecomes

3.9x 106
1.7x 105
1.1x 104
960
110

16
2.7
0.56
0.13
0.036
0.011

450 years
19 years

1.2 years
40 days

4.5 days
16 hours
2.7hours
34 minutes
7,8minutes
2.2minutes
40 seconds

canbe obtainedfor equation(25)by usingthe
by equations(10)and (11). Equation(25)

. (-M)EJA e-B/TO
% Cv To~

Where(3is definedby equation

Solutionof equation(26)with
(e = O whent = O) yields

eO (26)

(11) and To is the initial temperature

the appropriate initial conditions

1 - e-e = B ~ e-B/TO t
To~ (27)

When the temperaturebecomesinfinite,f3alsobecomesinfiniteand e-O goesto
zero. The timerequiredfor the temperatureto becomeinfiniteis

~02 eB/To
tm =

FM) BA
(28)

or if tm is in hours

tm = 2.7x 10-21T02 e+%
o

(29)

TableIII showsthatthe minimumtimerequiredto heat the vesselvent
filterto a dangerouslevelis quitelargeevenat thehighestinitialtemper-
ature (800C)likelyto occurin it; at 800Cat least40 dayswouldbe required.
In an actualsystemmuch largertimeswouldbe necessarybecausematerials
otherthanAN will have to be heatedandbecauseof heat leaksto the outside.
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Fires

.
Althougha vesselvent filtercontainingreasonableamountof AN cannot

spontaneouslyheat fromcanyontemperatureto a dangerouslevel,heat froman
externalfiremightproduceseriousconsequences.Thereareno combustible
materialsin the canyonbuildingin the vicinityof the filterand so an
externalfirein that area is veryunlikely. Themost seriousis a fire
elsewherein the canyonfromwhichheatedgasesare drawnintothe vessel
vent systemandhencethroughthe filter. The effectsof threehypothetical
fireswill be consideredto calculatethishazard: (1) A solventfire in a
tank (2) a solventfire in a celldue to a rupturedtank,and (3)a fire in
the vesselventheaderitself.

Fire in a SolventTank

The amount of heat thatcanbe generatedper unit timeby a solvent
firein a tank is limitedby the availabilityof oxygen. The normalair
sweepin a tank is 60 cfm (1700liters.min),whichcorrespondsto 68.4g
moles/minof air at 30°Cor 13.7g molesof O /min.

i
If the materialburning

is thenormalparaffinhydrocarbon(principaly n-dodecane)used as a diluent
in the Purexsolvent,the oxidationreactionis:

c~2H26 + 18.5 02 + 12 C02 + 13H20

and theheat of combustionis25 about1800KCal/moleof C12H 6. The heat
6generatedper mole of 02 consumedis therefore97 KCal/mole 2 and the

maximumheat generatedrate,q, is

q = 97 KCal/mole02 x 13.7mole/min= 1300KCal/min

If the hot gasesfromtheburningtankaremixedwith the air (Cp= 0.24)
in thevesselventheaderflowingat 2900cfm or 96 Kg/reinandno heat is lost
to the surroundingsthe temperatureincreasewillbe

ATOC=
b

= 1300
~x96 = 560c

Even if the originalair temperaturewere 50°C (themaximumair temper-
aturein the H-Areahot canyonsystem)thiswouldonlyleadto an air inlet
temperatureto the filterof 1060Cwhichshouldnot leadto an uncontrolled
excursion(seeTableI).

Fire in Cell (RupturedSolventTank)

If solventshouldspillintothebottomof a cell in a canyondue to
the ruptureof a tank,and then ignite,heat fromthe firecouldbe drawn
intothe vesselvent systemthroughfourdifferentvesselsin the cell. This
wouldintroducemoreheat thana fire in a singletank. The effectof such
a fireon the temperatureof the air enteringthe vesselvent filterwas
estimatedas follows:

The adiabatic(maximum)fl’ametemperatureforhydrocarbonsburningin
air is26about40000For 22000C. If the mass flowof airWH, fromeachvessel
intothe headeris assumedto be independentof temperature(i.e.,2 Kg/rein)
as well as theheat capacityof air,heatbalanceconsiderationsleadto the
followingequation
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1’ whereTf,
hot gases

T and Tc are the temperaturesof the air enteringthe filter,the
f?rom the fire,and the coldair beingdrawnintothe othertanks

respectively.W= is the totalmass flowof air intotheheaderfromtanks
not involvedin the fireandn is the numberof tanksinvolvedin the fire.

Tfwas calculatedto be 2100Cwith the assumptionthatTH = 22000C,Tc =
300C,WH= 2 Kg/rein,n= 4, and the totalmass flowWc + ~~ = 96 Kg/min. The
calculatedinlettemperatureto the filteris sufficientlyhigh to cause
spontaneousheatingof the filterwith as littleas 100 Kg of ammoniumnitrate
present.

The assumptionthat-themass flowrate is independentof the temperature
probablyover-estimatesthe effectof such a fire. Anotherway of approaching
theproblemis as follows: The flowof a fluidthrougha
be describedbythe equation27

fpv2 =K

Wheref is the Fanningfrictionfactor,p the densityand
K is a functionbf the lengthand diameterof thepipe and thepressuredrop ‘
acrossit but will be constantwhen theseare constant. The Reynoldsnumber
for 60 cfm air througha 3“ pipe (diameterof exhaustfroma tank to the
vesselventheader)is 1.3 x 106 at 300C. In thisregionthe frictionfactor
is nearlyindependentof Reynoldsnumberand to a firstapproximationcanbe
assumedto be constant. With this assumptionit canbe shownthat

circularpipe can

(32)

V the linearvelocitv.

(33)

whereW1 andW2 are the mass flowsof air at temperaturesT1 andT2.

The flowof air at 2200°Cintoan inletwherethe flowat 30°Cwas about
2.0 Kg/rein,is

‘H ‘2X %3 = 0.70Kg/tin

with thisvalueof ~ and the assumptionsmadepreviously,Tf was foundto be
930C. That temperatureshouldnot leadto spontaneousheatingof a filter
(TableI).

The secondcalculationof the temperatureof the inletair to the filter
is probablya closerapproximationthan the first,but the assumptionsare
uncertainenoughthat it is not possibleto statecategoricallythat the system
wouldbe safe in the eventof suchsolventfire.

Fire in the VesselVent Header

r A fire in the vesselventheaderwouldbe of concernif it involved
sufficientfuelto generatesignificantheat. Examinationof the headerin
the H-Areahot canyonshowedthat the only foreignmatterpresentwas a layer
of blackgranularsolidaboutthreeincheswide and 1/16inchdeep. The
materialwas analyzed28to be primarilycorrosionproductsof stainlesssteel
togetherwith smallanmnts of anmloniumnitrate. It was estimatedthatthe
headercontainedno more t.h~ 7.2 Kg of NH4N03.
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If ammnium nitratein the headerwere to ignite,the most rapid
I burningthatcouldoccuris fume-offburning,in whichthe burningrate is,-

controlledby the rateof thermaldecompositionat the fume-offtemperature
(2900Cat1 atmospherepressure). The firstorderrateconstantat that
temperatureis18about0.002see-lor 0.12rein-l.The burningratewould
thenbe 0.86Kg/reinand the heat generationrate,assuming-@-l= 60 KCal/mole,
wouldbe 650 KCal/min. Thiswould increasethe temperatureof the air flow-
intothe filterabout280C if no heatwere lostto thewalls. If the initial
air temperaturewere 300C,the maximumtemperatureof air enteringthe filter
wouldonlybe 580C,whichwouldnot leadto spontaneousheating, Furthermore
the reactionwoulddie out.rapidlybecausethe half lifeof ammoniumnitrate
at the fumeoff temperatureis only aboutsix minutes.

CONSEQUENCESOF AN EXPLOSION

If a fireor uncontrolledself-heatingshouldoccurin the vesselvent
filterit mightdevelopintoa detonation.In the followingassessmentof
the consequencesof an explosionwe assumetheworstpossiblecase: thatthe
ammoniumnitratein the filtercontainsenoughfuelto make a balanced
explosiveand thatit has detonated.Two consequencesof a detonationwere
identified(1)structuraldamageto the canyonbuildingand its equipmentby
the shockwave and (2)pressurizationof the canyonbuildingbygas generated
by the explosion,producinga reversalof air flowand the spreadof radio-
activecontaminationoutsidethe canyons.

StructuralDamage

An analysisof the structuraldamagethatwouldbe doneby the detonation
of 600 Kg of ammoniumnitratein a vesselvent filterwas perfomnedby W. W. F. Yau
and has been reportedin detailin a separatereport2, The extentof structural
damagecan be summarizedas follows:

1) Crackingand possiblepartialcollapseof the innercanyonwalls
2) Movement,collisionsand fractureof processtanks
3) Fragmentationof the firecurtains
4) The cellcovercouldbe propelledto the levelof

Pressurizationof a Canyon

If a chargeof ammoniumnitratewere to detonatein the

the overheadcrane.

canyon,the hot
gasesfromthe &plosionwould rapidlyexpandand adiabaticallycompressthe
air in the canyon. The resultingpressureincreasewouldcauseair to flow
fromthe canyonthroughair supplyductsand spreadcontaminationto normally
cleanareas. The pressureincreasecan be estimatedas follows;assuming
the canyonwallsare intact:

Let V be the volumeof gas generatedby the explosionafterit has
adiabaticallyexpandedto atmosphericpressureandV be thevolumeof the
canyon,whichcontainsair initiallyat atmosphericpressure. If eachof
thesevolumeswere thenadiabaticallycompressedso thatthe sumsof their
volumeswere equalto the volumeof the canyonand the pressurein eachwere
the same,the pressureconditionsinsidethe canyonimmediatelyafterthe
detonationand expansionof the hot explosiongasesshouldbe obtained. If
it is furtherassmed thattheheat capacityratio,y = Cp/CVfor t-he
explosiongas and air are the same,the pressureP in atmospheresafterthe
explosionwill be

,=(V;T”)Y (34)
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md thepressureincrease,mo, in inchesof waterwillbe

.* -

,,0 = 407 [pp..y -~ (35)

The volumeof the canyonwas estimatedto be 5.1x 107 1; V was obtained
6fromdatafurnishedbyF. A. Lovingand is givenby the equation g = 1.16x 103M

liters,whereM is the numberof kilogramsof AN involvedin the explosion:
y for air is 1.4. Then

APO = 407
r 1(1+z.27x 1o-5~’” 4-1 (36)
L -1

TABLEIV

Pressurizationof Canyonby Gas Generagedin Explosion

Kg of NH4N03 Vg
liters

APO Time to recover
inchesof H20 seconds

100 1.16 X 10: 1.29 3.4
500 5.78 X 106 6.48 7.0

1000 1.16 X 106 13.0 8*8
5000 5.78x 107 66.1 13.0

10000 1.16 X 10 135. 14.9

Table IV s-rizes the resultsof calculationsof the pressureincrease
in the canyondue to the explosionof variousamountsof ammoniumnitrate. The
canyonsnormallyoperateat a pressureof -0.5inchesof water so thatthe gas
generatedbythe explosionof as littleas 100 Kg of AN shouldbe enoughto
causea significantreversalof air flow. The columnat the extremerightis
the estimatedtimenecessaryfor the excesspressurein the canyonto drop to
zero.

Timesto recoverfroma pressuresurgewere obtainedfromthe equation

‘n w =-‘t (38)

WhereAP is thepressuredifferencebetweenthe canyonand the outsideat time,
t, APo is the valueof AP immediatelyafterthe expansionof the explosive,
APg is thenegativeof AP undernormaloperatingconditions.and

.

B= -1
~~ sec (39)

WherePn @ the absolutepressureof canyonair undernormaloperatingcon-
ditions,U is flowof canyonair in litersper secondundernormaloperating
conditionsandV is the volumeof the canyonin liters.

Equation(38)was derivedunderthe assumptionthatair flowsfromthe
canyonthroughthe exhausttunnelat a constantratebut at a rateproportional
to thepressuredifference,AP, throughthe supplytunnel. The rateconstant,
B, for the processwas establishedfromour lamwledgeof the flow intothe
canyon(50,000cfm)undera knownhead (-0,5inchesof water). B was found
to be 0.376see-l. The recoverytimeswere foundby solvingequation(38)
for twith Ap=0,2Pn = 0.5 andwith APo equalto the valuesshownon TableIV.
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SOURCESOF AM40NIUMNITRATEIN THE VESSELVENT SYSTEM
.

I The originof annnoniumnitratein the vesselvent~ystemwas tracedby
1’ SeparationsTechnologyto the neutralizationof wasteconcentrates.When acidic

wastecontainingammoniumion is neutralizedsomeof the ammoniaformedis
volatilizedand transportedby the air sweepthroughthe tank intothe vessel
ventheaderwhere it reactswithnitricacidfumesfromothertanksto form
AN. The AN particlesare thencollectedlythe vesselvent filter.

The ammoniumions in thewasteconcentratestreamsoriginatefromtwo
sources(1)impuritiesin the processchemicalsand (2)reactionsof nitrogen-
containingchemicalssuch as sulfamicacidandhydrazineduringchemical
processing.The amountsof amonium nitrateintroducedas impuritiesin
essentialmaterialshas been detenili.nedto be ~.9 Kg per evaporatorbatchby
WorksTechnical.Most of the ammoniumion in waste (>90%)comesfrom
reactionsof processchemicals.The followingdiscussionconsidersreactions
by whichanunoniumion is formedfromsulfamicacid,hydrazine,and hydroxylamine,
accordingto the publishedliterature,as well as reactionsthatwill destroy
thesesubstances.

SulfamicAcid

.

Thereare two reactionsof sulfamicacidof interestfor the present
problem: hydrolysisand reactionwith nitrousacid.

The kineticsof the hydrolysisreaction

‘2s02m+H20 + ‘4Hs04 ~ (40)

has been studiesby severaltivestigators31-35undera wide varietyof con-
ditionsof t~erature, acidityand ionicstrength. The consensusof more
recentinvestigationsis that the rate is proportionalto the concentration
of undissociat~dsulfamicacid

dst
m = - ~(Hs)

where& is the concentrationof

. .

(41)

sulfamicacidplus sulfamateion, (HS)is
that of-freesulfamicacidalone,and k is thefirst
in hours-l. The concentrationof freesulfamicacid
termsof (St)and the aciddissociationconstant,~

HS+S-+H+

orderrateconstfit
(HS)can be written
for the reaction.

(42)

in

so that the firstorderrateequationfor thehydrolysisof totalsulfamateis

dst .
at - ~&/@+)]St = K’st (43)

BothK and ~ are functionsof temperaturewhile~ is alsoa functionof ionic
strength,p. The rate dataof the variousauthorscanbe representedaccurately
overthe entirerangeof temperatureand ionicstrengthby properlyaccounting
for theseeffectson ~. For estimatinghydrolysisratesin processSolutions
wherethe ionicstrengthand acidityare usuallyquitehigh (p and’H~>[ ),.
and greataccuracyis not required,Kc canbe assumedconstant.
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The followingequationswere fomd to fit the publisheddatareasonably
. well (t 10%):

gn K = 41.260 - lS250/T (44)

K’= ‘1+ . 36/ w)) (45)

WhereT is the temperaturein ‘K, k and k’ are rateconstantsin hours
-1 ad

(H+)is the acidconcentrationhn moles/liter.

Experimentaldatahave onlybeen reportedup to temperatureof 98°C.
However,equations(44)and (4S)havebeenused to extrapolateto the boiling
pointof 8M mo3 (11O-115OC)●

The firstorderrateconstantsfor sulfamicacidhydrolysisin 8M acid
as a functionof temperatureare showntogetherwith the correspondinghalf
livesofsulfamicacid in TableV.

TABLEV

HydrolysisRatesof SulfamicAcid in 8M N3 at Various
Temperature

T ‘C

.,
::
50
60
70
80
90
100
110
115

K’, hours-l

0.000110
0.000550
0.00248 ,
0.0103
0.0390
0.137
0.452
1.39
4.05
6.77

t 1/2 hours

6300
1300

280
67
18

5.0
1.5
0.50
0.17
0.10

The rateconstantsshowthatsulfamicacidwill be hydrolyzedonly
slightlyduringchemicalprocessingbecausethehighesttemperaturereached
is 55°Cand thenonly for a half hour. Underthoseconditionslessthanhalf
a per centof the sulfamicacidshouldhydrolyze. In a wasteevaporatorwhere
the temperatureexceedsllOoC,the half lifeis onlya fewminutesand virtually
all remainingsulfamicacidshouldhydrolyze.

The kineticsof the reactionbetweennitrousand sulfamicacid

HN02 + H2NS03H + N2 + ‘2° + ‘2W4
(46)

havebeen studiedin acetate36,perchlorate37andnitratemedia.38 These
threestudiesagreedqualitativelyin thatthe rate is givenby the equation

.
Rate = K (~) ~2) (H2NS03-) (47)

and the quantitative agreementamongthe studiesis quitegood. Li and.Ritter36
givethe followingequationto describethe rateas a functionof th~ temperature
T in°Cand the ionicstrengthV. The rateconstantk is in (L/mole)rein-2.
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loglOK= 5.027+ (T-25)/31.2- 0.72fi/(1+ K) (48)

Biddleand Miles38reportspectroscopicevidencefor the existenceof an
intermediateproductof nitrousand sulfamicacidsthathas onlytransient
existence.The spectralband correspondingto the intermediatereachesa
maximumabsorbanceafterabout30 millisecondsin a solutionof O.01.MHN02
and 0.05MH2NS03Hand thendecays.

The rateconstantsunderprocessconditionsare sufficientlyhigh that
sulfamicacidshouldnot persistfor longin the presenceof excessnitrous
acid. At 25W.and lMHNOz the secondorderrateconstantis about104mi.n-l
(mole/liter)-1. If there-isan
to reactwith the sulfamicacid
the timerequiredto remove99%
table.

So InitialSulfamic
Acid Concentration

moles/liter

0.001
0.01
0.05
0.1

~

The chemistry of
Yost and Russel139 and

excessof 10%nitrousacidover thatneeded
whoseinitialconcentrationis givenby ~
of the sulfamicacid is shownin the following

Time in Minutes
to Remove99% of
SulfamicAcid

2.3
0.23
0.046
0.023

hydrazinein aqueoussolutionshas been reviewedby
by Audriethand 0gg40.

Hydrazinein aqueoussolutioncan act as eitheran oxidizin or a
reducingagent. fWithpowerfulreducingagentssuch as Zn, Sn, Sn + and Ti3+
reductionof hydrazineto amnoniais observed. With oxidizingagentsone
or severalproductsmay resultincludingN2, NH4+ and HN3 (hydrazoicacid).

One-electronexidizing
hydrazineto productammonia

agents,suchas Fe3+,Mn3+,and Ni3+,reactwith
and nitrogenbut no HN3, as in the following:

‘2H5+ + Fe3+ + NH; + 1/2 N2 + H+ + Fe2+ (49)

TWO electronoxidizing
peroxide,and chloratereact

2N2H5+ + ‘3

but may alsoproceedalonga

Polyelectronoxidizing

agentssuchas peroxydisulfate,hydrogen
to someextentby the mechanism

+ NH4+ + 5H+ +4e (50)

path to givenitrogenor ammonia.

agentsmay act as one- or two-electronoxidizing
a~ents.o; as a mixtureof ~otho In only a few instances,as with the reaction.
of hydrazinewith thehalogens,is the productsimplynitrogen

‘2H5+
+ 2 Br2 + N2 + 5H+ + 4Br- (51)
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&
Hydrazinein acidicmediaspontaneouslydecomposesin the presenceof a

platinumcatalystaccordingto the followingequation:

3 N2H5+ +H++
‘2

+4 NH+
4

(52)

in alkalinemediasomehydrogengas may be producedas well.

Hydrazineis stabletowardoxidationby atmosphericoxygenin acidic
mediabut oxidizesin alkalinesolutionsfairlyrapidly. Ammoniahas been
reportedas a productof thatreaction.

Referencesto the reactionbetweennitricacidand hydrazinehavebeen
foundin the olderliteraturebut the productsof the reactionwere not
reported. The directreactionis slowat roomtemperaturebut boilingcon-
centratednitricacidas in an evaporatorwill reactandmightproducesome
anunonia. \

In plantprocesssolutionscontainingiron,hydrazine,andnitricacid
the followingreactionshavebeen shownto occurduringtheheat kill in the
framesprocess.41

2 Fez+ + ‘HN03 + 2H+ + HN02 + 2 Fe3+ + H20 (53)

HN02 + ‘2H4 + ‘3 + 2 ‘2° (54)
.

‘3 + I-D@z + Nzo + Nz + H20 (55)

Fe3+
+ ‘2H4 + Fe2+ + NH4+ + 1/2 N2 (56)

The sumof thesereactionsis equivalentto a catalyticoxidationof
hydrazineby nitricacid:

2~03 + 5N2H4 + 4H++N20 + 3N2 + 4NH+
4 + 5 H20 (57)

in whichfourmolesof ammoniumion are producedfor fivemolesof
hydrazineconsumed.

Of specialinterestin processchemistryis alsothe reactionbetween
hydrazineandnitrousacidrepresentedby equations(54)and (55). The
overallreactioncan be written.

‘2H4 + 2m02 + Nzo + Nz + 3H20 (58)

.

.

and presentsa way by whichhydrazinecan be destroyedto produceinnocuous
productsandno ammonia. The kineticsof the first tep in thisreaction

3(reaction54)has been studiedby BiddleandMiles,3 The rateof reaction
in 2M HN03 is 5-10timesfasterthanthatbetweennitrousand sulfamicacid
and increasesquadraticallywith increasingacidity. Hydrazineshould
thereforeonlypersistfor a fewminutesat themost in the presenceof
excessnitrousacid. The hydrazoicacidwhich

$?
rms as a productof this

reactionalsoreactsrapidlywith nitrousacid.
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. Hydroxylamine

The chemistryof hydroxylaminein processsolutionshas been discussed
by McKibbenand Bercaw42. Hydroxylaminereactswith oxidizingagentssuchas
ferricion accordingto the followingreaction

2NH20H + 4Fe3+ + 4Fe2+ + N20 + H20 + 4H+ (59)

Dilutenitricacidsolutionsare stablebut strongeracidsolutionsare
increasti,glyunstable,especiallyat elevatedtemperatures.In a solution
originallycontaining0.8Mhydroxylaminenitrateand 1.0Mnitric acidall
nf thehydroxylaminewas destroyeduponboilingfor one half hour according
to the reaction

4NHqOH+ 2HN07+ 3NqO+ 7H-jO (60)
L L

Alkalinesolutionsof hydroxylaminenitrateare unstableand decompose
accordingto the reactions

4 ~NOH ● HNO
3

+ 4oH- + N20 + 2NH3 + 4 N03- + 7H20 (61)

It thereforeappearsthathydroxylaminecouldalsoproduceammoniaif it were
presentin alkalinewastesolution. However,it is unlikelythatany hydro-
xylaminecouldsurviveacidicevaporation.It is thereforenot a likely
sourceof armoniain wastestreams.

The kineticsof the reactionbetweenhydro~lamineand nitrousacid
(Reaction82)havebeen studiedby Hughesand Stedman.43

HN02 + NH20H + N20 + 2H20 (62)

The rateequationfor the reactionin perchloricacid is

Rate = (63)K3(H+) (HN02) (Iik13013+)

and the rate constant, k3, is about 0.24 (mole ‘2 liters2 see-2) at O°C with
H+ 0.02SM. This rate is slower than the rates of the corresponding reaction
with hydrazineand sulfamicacidby a factorof about50 and so nitrousacid
will reactwith sulfamicacidand hydrazinein preferenceto hydro~lamine
if all threeare presentin comparableamounts.

POSSIBLEWAYS TO REDUCENH,NOZACCUMULATION

Thereare anumber’ofpossibleactionsto suppressor reducethe rateof
AN accumulationin the vesselvent filter:

1) Destructionof ammoniaprecursors.
2) Destructionof ammoniumbeforewasteis neutralized.
3) Suppressionof ammoniavolatilization.
4) RemovalofNH3 fromthe air streambeforeit entersthe header.
5) Periodicremovalof NH4N03fromthe filter.
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Destructionof Precursors

.
The destructionof both sulfamicacidandhydrazinewith excessnitrous

acidwillproceedrapidlyat ambienttemperature.Thiswill not affect,
however,the ammoniaoccurringas impuritiesin the reagents,in evaporator
overheadsreturningfromthe wastetankfarmnor thatproducedfromthe
percursorsduringchemicalprocessing.

Destructionof the precursorswith nitrousacid is now beingpracticed
in H-Areaand appearseffectivein reducingthe amountof amnoniareleased
intothevesselvent system.

Destructionof AmmoniumIonBeforeNeutralization

hmonium ion is a reducingagentandmightbe destroyedbyoxidation
if a suitableoxidizingagentthat is compatiblewith the restof the system
(i.e.,willnot volatilizeRuor corrodethe tanks,etc.) couldbe found.
Nitrousacidappearspromisingfor thispurpose.

The reac ‘onbetweenamonium ion andnitrousacidhas been studiedby
Able,et. al.,&* and by Dusenburyand Powell.45 The laterwork showed
thatthe reaction

~4+
+ HN02 + N2 +2H20 + H+ (64)

proceededat a rateproportionalto the productof the ammoniumion and
nitrousacidconcentrations.Theirratedatasuggestedthat at elevated
temperatureand in the presenceof sufficientnitrousacidthe reaction
shouldoxidizemost of the ammoniumionwithinan hour.

In the laboratorytestnitricoxidegaswas bubbledintonitricacid
solutionscontainingamonium ion at temperaturesbetween70°Cand lob%.
Nitricoxideadditionproducednitrousacidaccordingto the reaction:

2N0 + HN03 + H20Z 3HN02 (65)

SinceNO is a gas the concentrationof nitrousacidwillbe the maximum
thatcan existat equilibriumunderatmosphericpressure. Firstorderrate
constantsas high as 6 hr-l for ammoniumion destructionwere obtainedin 8M
nitricacidat 90 - 100oC. ~ese ratescorrespondto a half-lifefor
ammoniaionof about7 minutes,or the destructionof 99.8%of the ammonia
withinone hour. Othertestsshowedthatdestructionof ammoniacan also
be accomplishedby addingNah02to formnitrousacid.

The advantagesof thistreatmentare that it introducesno unfamiliar
processchemicals,doesnot add to wastesolids,and destroysall ammonium
ion. The disadvantagesare the timerequiredand the problemsof implementing
it in the plant.
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Suppressionof AmmoniaVolatilizationafterNeutralization
+

Most of the anmmniaentersthe vesselvent systemsvia the 60 cfm
air sweepoverthe ammoniabearingsolutionsin the tankafterneutralization
of thewaste. If the air sweepwere cut off or the tankwere disconnected
fromthe vesselvent systemduringand afterneutralization,the introduction
of ammoniumnitrateintothe vesselvent systemwouldbe reduced. The problem
wouldnot be eliminatedentirelyhoweverbecausesomeammoniawouldget into
the ventsystemwhenwastewas transferredto the tank farm. Disconnecting
theneutralizationtankfromthe vent systemwouldallowsomeanmoniato
enterthe canyonitself;althoughthe amountwouldbe small,it is uncertain
where it wouldend up.

Anotherapproachto the problemis to add somethingto thewastethat
will reactwith the ammoniato producea nonvolatileproduct. One such
reactionis thatof formaldehydewith ammoniato producehexamethylenetetramine.

46

6HCH0 + 4NH3 + (cH~)6N4+ 61-40 (65)

Preliminary tests at SRL indicatethatthisreactionis effectivein reducing
anunoniavolatilization.The advantageof the methodis that it requiresthe
additiononlyof one reagentwith no additionalprocessingtimerequired.
‘l’hedisadvantageis that littleis Imownaboutreactionsthattheproduct
mightundergoin thewastetanks.

RemovalofNHZ fromthe Air StreamBeforeReachingthe Header

Ammoniacouldprobably
volatilizedby air oxidation

4NH3 + 302 +

4NH3 +502+

be removedfromthe air streamafterit has
accordingto one

2N2 + 6 H20

4NO+ 6H20

of’thefollowingequations:

(66)

(67)

Bothof thesereactionsare catalyzedbyplatinumandby heavymetaloxides.

.

The gas pahseoxidationwouldprobablyrequireheatingthe air streamfrom
theneutralizertankto 500-7000cand passingit throughthe catalyst.

The advantageof thisprocedureare thatno additionalprocessingtime
is involvedand the productsof the reactionare innocuous.The disadvantages
are thatconsiderabledevelopmentwork willbe requiredto designand oxidizer
unit compatiblewith plantequipmentand considerablecapitalexpensewill be
requiredto buildand installit.

PeriodicRemovalafAN fromFilter

Removalof ammoniumnitratefromthe filtersby flushingwithwater is
theprimaryprocedurethathas been utilizedto reducethe hazardof ammonium
nitrateaccumulation.The methodis straightforward,and effectivelyremoves
W, but thereare certaindisadvantages.The plantmustbe shutdown for
severaldaysto allowthe drainingand flushingof thepresentfilters.
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Flushingthehigh efficiacy “Fiberglas”filternow used in H-Areahot canyon
will decreaseits efficiency;installatimof new high efficiencyfilters
designedfor flushingis now under Study; these Wouldbe eqensivec A

furtherdifficultywith the conceptof flushingthe filtersis thatlarge
amountsof ammoniumnitratesolutionsare generatedandmustbe disposedof.
If thesesolutionsare neutralizedwith causticand transferredto the tank
fazm,much of the ammoniawill immediatelybe returnedto the vesselvent
systemfromtheneutralizationtank,and the remainderwill be transferred
to thewastetanks. From the wastetanksmost of the amonia will volatilize
intothe overheadsof the tank farmevaporatorsandmay be returnedtQ the
canyonif thiswateris returnedfor use in processing.

.,
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